Abstract. Cellular methylation is associated with stabilization of the chromatin structure. S-adenosyl methionine (SAM), a metabolite of methionine metabolism, is the methyl donor of essential cellular methyltransferase reactions. Using 3-(4,5-dimethylthiazol-2-yl)-2,5-dephenyl tetrazolium bromide (MTT) assay, we found that combination treatment of SAM and 5-fluorouracil (5-FU) specifically protected the anticancer effect of 5-FU, whereas the combination of SAM and cisplatin had no effect. This result was confirmed by FACS analysis. The combination treatment of SAM and 5-FU significantly decreased the dead cell population, while the G1 cell population was slightly increased, suggesting that protection of SAM is not associated with the cell cycle arrest of DNA-damaging drugs. We also analyzed which cellular methylation-related proteins were involved in the protective effect. Results showed the expression of DNA methyltransferases (DNMTs) was decreased with 5-FU alone but was increased with the combination treatment of SAM and 5-FU, suggesting that SAM protects the anticancer effect of 5-FU by regulating the expression of DNMTs. Taken together, the results indicated that SAM specifically modulates the anticancer effect of the DNA damage agent 5-FU and this may be modulated by aberrant DNA methylation.
Introduction
DNA-damaging drugs induce death in malignant tumor cells. Although the majority of these drugs affect the primary structure of DNA, their usefulness may be limited by the chromatin structure that represents the physiological template of the DNA. Since methylation of DNA or proteins occurs in the nucleus, the anticancer effect of DNA-damaging drugs may be affected by cellular methylation (1, 2) .
S-adenosyl methionine (SAM) is key as a methyl donor in methylation reactions. SAM transfers the methyl group, CH 3 , to cell components such as DNA, proteins and lipids (3, 4) . It is made from adenosine triphosphate and methionine by methionine adenosyltransferase. Removal of the methyl group from SAM yields S-adenosyl homocysteine (SAH), which acts as a methyltransferase inhibitor (5, 6) . Metabolic SAM can be synthesized throughout the body, but most SAM is consumed in the liver (7, 8) . DNA methyltransferases (DNMTs) catalyze the transfer of a methyl group from SAM to cytosine residues to form 5-methyl cytosine at CpG sites in the genome, an important regulatory mechanism for regulation of the gene expression (9) . Histone methyltransferases (HMTases) also utilize SAM to methylate lysine or the arginine residue of histone proteins (10) . As SAM is a key metabolite of hepatocyte growth, death and differentiation, its use in treatment may improve survival in liver disease (11, 12) . Recently, multiple clinical trials have also indicated that SAM is important in the treatment of Alzheimer's disease, depression and osteoarthritis (13, 14) . However, therapeutic usages of SAM are not yet proven in cancer.
5-Fluorouracil (5-FU) has been used in the treatment of various types of cancer (15) (16) (17) . Since 5-FU acts as a thymidylate synthase inhibitor, it blocks the synthesis of thymidine during DNA replication. However, the correlation between thymidylate synthase levels and 5-FU sensitivity remains controversial, although it is widely thought that thymidylate synthase is the main molecular mechanism governing 5-FU sensitivity (18) (19) (20) . Other investigators have suggested that 5-FU resistance may also be induced by p53 gene mutation, mismatch repair gene deficiency, deregulation of pyrimidine metabolism-related enzymes and overexpression of anti-apoptotic factors (19, 21) . Cisplatin is a platinum-based chemotherapy drug that causes DNA crosslinking. Cisplatin is frequently administered as part of a combination chemotherapy regimen with other drugs as it sometimes acts in synergy synergistic with other agents (22, 23) .
In the present study, we hypothesized that SAM has an impact on the cytotoxic effect of DNA-damaging drugs. We characterized and compared the effects of SAM and S-adenosyl methionine specifically protects the anticancer effect of 5-FU via DNMTs expression in human A549 lung cancer cells assessed whether it affects the anticancer effects of 5-FU and cisplatin. Using several cytotoxic assays, we showed that SAM specifically regulates the anticancer effect of 5-FU but not that of cisplatin.
Materials and methods
Cell culture and reagents. TheA549 human lung cancer cell line was obtained from ATCC (Baltimore, MD, USA). Cells were maintained in DMEM medium supplemented with 10% (v/v) fetal bovine serum, and penicillin-streptomycin (100 U/ml) at 37˚C in a humidified incubator containing 5% CO 2 . SAM, 5-FU and cisplatin were purchased from Sigma (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide for further use. Combination treatment of SAM and anticancer drugs was performed as indicated in figure legends.
3-(4,5-dimethylthiazol-2-yl)-2,5-dephenyl tetrazolium bromide (MTT) assay.
Various concentrations of 5-FU (2-40 µM) or cisplatin (2-32 µM) were treated. Cells (1,000 cells/ well) were seeded and treated with various concentrations of the indicated drugs for 2 days. MTT (Sigma) was dissolved in phosphate-buffered saline (PBS) and filtered through a 0.2 µm filter. The solution was stored at 4˚C for future use. To evaluate cell viability, A549 cells were seeded in 96-well plates at densities of 500-1000 cells/well. The following day, the cells were treated with the indicated drugs. After washing with PBS, the cells were incubated in MTT solution for 30 min. Absorbance was measured using a microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 540 nm. After the experiment was performed, the mean and standard deviation of the data were calculated. Statistical analysis was performed using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
FACS analysis. Cells were seeded in 1x10
6 cells in 100-mm dishes and treated with SAM, 5-FU and cisplatin. The cells were harvested and fixed with 70% cold ethanol. The fixed cells were then washed with PBS and stained with 50 µg/ml propi dium iodide containing 1 mg/ml RNase A for 15 min in a 37˚C water bath. Analyses of 10,000 events were obtained on a FACSCalibur flow cytometer (Becton-Dickinson, Mountain View, CA, USA) and the cell cycles were analyzed using ModFit DNA analysis software.
Western blot analysis. Cells were cultured in 100-mm dishes and treated with the indicated drugs. The cells were collected by scraping and lysed with RIPA lysis buffer (0.02 M Tris, 0.15 M NaCl, 0.1% sodium dodecyl sulfate DS, 1% Triton X-100, 1% sodium deoxycholate, 0.02 mM phenylmethylsulfonyl fluoride, 0.1 mM NaF, 0.01 mg/ml leupeptin, 0.01 mg/ml pepstatin) and then centrifuged at 14,200 x g for 30 min at 4˚C. The amount of protein was determined with the Bradford protein assay (Bio-Rad). The lysates were boiled for 5 min, separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane (Amersham Biosciences, Piscataway, NJ, USA). The membranes were incubated for 1 h with blocking buffer [5% non-fat milk and 0.1% Tween-20 in Tris-buffered saline (TBS-T)] and then incubated with the specific antibodies. The membranes were washed three times with TBS-T and incubated for 1 h with secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Proteins were detected with enhanced chemiluminescence reagent (Amersham Biosciences).
RT-PCR. Cells were collected after treatment with the indicated drugs. Total RNA was extracted using TRIzol-reagent (Promega Co., Madison, WI, USA) according to the manufacturer's instructions. cDNA was synthesized using reverse-transcriptase according to the manufacturer's instructions and was used as the template for PCR amplification. Primer sequences of DNMTs-specific primer sets are as follows: DNMT1, sense: 5'-ATC TAC CAG TGT ACA GAG TGT GA-3', antisense: 5'-ATA CTG ACA GAA GTA ATC TCG AT-3'; DNMT3A, sense: 5'-ATC TAC CAG TGT ACA GAG TGT GA-3', antisense: 5'-ATA CTG ACA GAA GTA ATC TCG AT-3'; DNMT3B, sense: 5'-ATC TAC CAG TGT ACA GAG TGT GA-3', antisense: 5'-ATA CTG ACA GAA GTA ATC TCG AT-3'; GAPDH, sense: 5'-ATG ACA ACT TTG GCA TTG TGG AA-3' , GAPDH antisense: 5'-CTG TTG CTG TAG CCG TAT TCA TT-3'. GAPDH was used as a loading control. Each sample was incubated at 95˚C for 20 sec, 60˚C for 25 sec and 72˚C for 30 sec for 35 cycles. Reaction samples were then incubated for an additional 7 min at 72˚C and cooled to 4˚C. PCR products were resolved on 1% agarose gel.
Results

SAM-modulates the anticancer effect of 5-FU but not cisplatin.
DNA-damaging drugs activate apoptosis in cancer cells. We treated various concentrations of 5-FU (2-40 µM) or cisplatin (2-32 µM) for 48 h in A549 lung cancer cells and performed MTT assay to analyze drug sensitivity. As expected, 5-FU or cisplatin resulted in cytotoxic effects in a dose-dependent manner (Fig. 1) . LD 50 of 5-FU and cisplatin were ~7 and 6 µM, respectively. We also performed MTT assay by treatment using SAM (5-40 µg/ml). SAM treatment produced no special morphological changes and had no distinct cytotoxic effect in these ranges. However, since SAM modulates cellular methylation of DNA or proteins, we hypothesized that SAM affected DNA-damaging drugs. MTT assay was performed at several concentrations of 5-FU and cisplatin in combination with SAM of 20 µg/ml. Combination treatment of SAM and 5-FU somewhat protected the anticancer effect of 5-FU. However, this phenomenon was not observed in the combination treatment of SAM and cisplatin (Fig. 2) . The protection effect of SAM on 5-FU was evident from 3 days after the combination treatment of SAM and 5-FU. This result suggests that SAM specifically modulates the anticancer effect of 5-FU but not for cisplatin.
Protective effect of SAM on the anticancer effect of 5-FU does not require specific cell cycle arrest. FACS analysis was performed to examine the manner in which SAM affects cell cycle arrest or cell death by 5-FU or cisplatin. Treatment with SAM only did not show any difference as compared with the control. Treatment of 5-FU induced cell death, but not specific cell cycle arrest, whereas cisplatin induced G2/M arrest (Fig. 3A) . However, the combination treatment of SAM and 5-FU significantly decreased the dead cell population, while the G1 cell population slightly increased, compared with treatment with 5-FU alone. However, combination treatment of SAM and cisplatin resulted in G2/M arrest, similar to cisplatin alone. We quantified data obtained from FACS analysis following treatment with a fixed concentration of SAM (20 µg) but with varying concentrations of 5-FU or cisplatin and the results suggest that a moderate concentration of SAM has a specific protective effect on 5-FU ( Fig. 3B  and C) . Therefore, we consider that the protective effect of SAM on the anticancer effect of 5-FU does not require specific cell cycle arrest.
5-FU decreases DNMTs expression but SAM restores the reduction of DNMTs.
To analyze which types of cellular methylation are involved in SAM modulation of the anticancer effect of 5-FU, we performed expression analyses on HMTases and DNMTs. The drugs were treated for 3 days and western blot analysis was performed. SUV39H1 or G9a proteins were not detected during SAM treatment or combination treatment with 5-FU, suggesting no induction by SAM or 5-FU (data not shown). However, the expression of DNMT1 and DNMT3A were decreased in 5-FU but not in cisplatin treatment (Fig. 4A) . Notably, the combination treatment of SAM and 5-FU restored expression of DNMTs.
Expression of DNMTs was also analyzed using RT-PCR. Consistent with the findings above, 5-FU treatment decreased DNMTs expression in the RNA level but SAM restored the effect of 5-FU on DNMTs expression (Fig. 4B) . This result means that protection of SAM on the anticancer effect of 5-FU is exhibited by regulating DNMT expression at the transcriptional level.
Discussion
Resistance is one of the obstacles to the success of DNA-damaging drug-based chemotherapy. Although the molecular mechanisms of DNA damaging drugs remain controversial, a plausible mechanism is that cellular metabolites regulate cytotoxicity of anticancer drugs. SAM is a physiologic metabolite found in almost every tissue and fluid in the body. Moreover, SAM concentration in the body may also be determined by vitamin B12 and folate (vitamin B6) obtained from dietary sources (24, 25) . Since use of SAM in a therapeutic setting has not yet been proven when SAM is combined with several anticancer drugs, we examined whether the use of SAM is a regulatory mechanism for the direct modulation of the anticancer effect of DNA-damaging drugs. It has been reported that SAM has inhibitory effects on some carcinoma cells, as well as the proliferation and migration of HUVEC cells at high concentrations (10, 26) . In our analysis, however, SAM did not exhibit distinct effects on cell growth in A549 lung cancer cells at concentrations ranging up to 40 µg/ml. Instead, treatment for a long period of time with SAM demonstrated a small inhibitory effect on the cells. Therefore, the cytotoxic effect of SAM seems to depend on the concentration and treatment time of SAM. Results of the present study have shown that SAM has a protective effect when combined with 5-FU. To achieve this, cytotoxic assays such as MTT assay, cell counting and a viability test were performed. We obtained similar results in that SAM specifically affected the anticancer effect of 5-FU but not for cisplatin. Therefore, we investigated differences between 5-FU and cisplatin to determine this phenomenon. 5-FU treatment induced cell death without specific cell cycle arrest, contrary to cisplatin treatment-nduced G2/M arrest. SAM itself had no specific cell cycle arrest or cytotoxic effect. However, the G1 cell population was increased in the combination of SAM and 5-FU, suggesting that protection of SAM is likely involved in the G1 phase. As a pyrimidine analogue, 5-FU is incorporated in DNA in the S phase of the cell cycle (27) . The anticancer effect of 5-FU occurs in an S phase-active manner, whereas its therapeutic effect is not active when cells are in the G1 phase. As SAM methylates cellular DNA, the anticancer effect of 5-FU is likely reduced during DNA replication. In the case of cisplatin, SAM did not protect the anticancer effect of cisplatin. The reason for this finding is that cisplatin induced G2/M arrest, thus SAM was not able to affect the anticancer effect of cisplatin because cells were already in the G2/M phase. 5-FU treatment was found to regulate a group of cell cyclerelated genes such as cyclin and p53. SAM treatment may regulate gene expression by reversing DNA hypomethylation on gene promoter. As SAM treatment regulated SAM-utilizing genes, we examined the expression of HMTases or DNMTs. 5-FU or SAM treatment did not produce any induction of SUV39H1 or G9a. Instead, 5-FU treatment decreased most DNMTs expression at the transcriptional level, although SAM had no distinct effect on the expression of DNMTs. However, the presence of SAM restored the effect of 5-FU on DNMTs expression, suggesting that the protective effect of SAM was mediated by the regulation of DNMTs expression. Although cell levels of SAM might affect DNMTs expression, further studies are needed to show the effect of SAM on the expression levels of regulating genes by 5-FU.
The clinical applications of SAM remain controversial in cancer due to low toxicity. Instead, a growing number of trials have been conducted to find a new anticancer effect of SAM metabolism-related analogues (28) (29) (30) . Sinefungin, which is a SAM analogue can compete for SAM binding and inhibit the activity of the SAM-dependent methyltransferases. Adenosine dialdehyde inhibits methylation reaction by hindering SAH hydrolase activity.
SAM, as a methyl donor, plays a versatile regulatory effect in the cells by methylating cell components. The effect of SAM described in the present study may not be universal to the anticancer drugs, but rather specific to 5-FU. Moreover, SAM causes dysregulation of gene expression and cell death by 5-FU by modulating aberrant DNA methylation. This opens new avenues of how cellular metabolites regulate the anticancer effect of DNA-damaging drugs.
